ABSTRACT Resistance management for insecticide-treated nets (ITNs) remains a challenge. Options are limited, because a safe and highly active insecticide with a persistence of several months is required. These criteria have only been met by pyrethroids, although organophosphates (OPs) and carbamates have been considered as alternatives for impregnation of eave curtains. It has been observed that some pyrethroid-resistant mosquito strains show increased OP susceptibility over pyrethroid-susceptible strains (i.e., negative cross-resistance). The current study investigated whether this phenomenon applies to a range of mosquito species and strains, because a mixture or rotation strategy for resistance management could then be envisaged. Adult female mosquitoes from laboratory strains of Anopheles stephensi Liston, Anopheles gambiae Giles, and Culex quinquefasciatus Say were tested in World Health Organization susceptibility test kits. For An. stephensi, the highly pyrethroidresistant DUB 234 strain showed the same level of resistance to malathion as the pyrethroid-susceptible DUB S. The malathion-resistant ST MAL strain was as susceptible to pyrethroids as the insecticidesusceptible BEECH. For An. gambiae, the malathion tolerance of the previously pyrethroid-resistant RSP strain was signiÞcantly higher than that of the insecticide-susceptible KWA. For Cx. quinquefasciatus, selection of the QUINQ strain with permethrin abolished preexisting resistance to the OP malathion as pyrethroid resistance increased, rendering the strain more susceptible to malathion than PEL SS. Some indication of negative cross-resistance to malathion was found for the permethrinresistant MUHEZA strain. The occurrence of negative cross-resistance seems dependent on the history of insecticide selection and is not generally applicable. Resistance management for ITNs will need to use mechanisms other than negative cross-resistance to be effective.
PYRETHROID RESISTANCE IN Anopheles mosquitoes is being reported from an increasing number of malaria endemic countries (Elissa et al. 1993; Akogbé to and Yakoubou 1999; Hargreaves et al. 2000; Awolola et al. 2002 Awolola et al. , 2003 Diabate et al. 2002; Fanello et al. 2003b) and is perceived to be a major threat to malaria control, most notably to the use of insecticide-treated nets (ITNs). Potential resistance management has been proposed (Curtis et al. 1998 ) and followed-up by laboratory and Þeld investigations (Kolaczinski 1998 , Kolaczinski et al. 2000 , Kolaczinski and Curtis 2001 , Fanello et al. 2003a . Here, we investigate the increased susceptibility of pyrethroid-resistant mosquitoes to organophosphate insecticides (OPs) and vice versa, referred to as negative cross-resistance.
Evidence for negative cross-resistance in mosquitoes comes from a number of studies. Georghiou et al. (1980) observed it on a temephos-selected strain of Culex quinquefasciatus Say, in which OP resistance could be abolished by selection with permethrin, and vice versa. Other studies on OP-resistant strains of Culex spp. reported equal or greater susceptibility to pyrethroids compared with the respective susceptible reference strain (Priester et al. 1981) , and some degree of negative cross-resistance was documented for a strain of Cx. quinquefasciatus from Muheza, Tanzania (Khayrandish and Wood 1993) . For anopheline mosquitoes, negative cross-resistance was reported for a pyrethroid-resistant strain of An. stephensi Liston to the OP malathion (Vatandoost 1996) . This latter study stimulated our interest in further investigation of negative cross-resistance as a resistance management tool for ITNs. To test whether negative cross-resistance is generally applicable to mosquitoes, we exposed laboratory strains of mosquitoes to the pyrethroid permethrin and the OP malathion.
Materials and Methods
Mosquito Strains. Adult mosquitoes from the following strains were tested for their susceptibility to malathion and permethrin: 1) Anopheles stephensi DUB-S; originally from Dubai, found to be resistant to pyrethroids by Ladonni (1988) , colonized since 1989, but not subjected to insecticide selection. 2) An. ste-phensi DUB 234; derived from selection for pyrethroid resistance at the adult stage from the DUB-S strain; maintained under permethrin selection at each generation, with resistance due to at least three separate mechanisms: cytochrome P-450 enzymes, esterases, and kdr-type target site insensitivity (Sivananthan et al. 1992; Vatandoost 1996) . 3) An. stephensi ST MAL; originally from Lahore, Pakistan; malathion-speciÞc resistance is due to a qualitative change in carboxylesterase (Hemingway 1982 (Hemingway , 1983 . 4) An. stephensi BEECH; insecticide-susceptible, originally from New Delhi, India. 5) An. gambiae Giles RSP; originally from Kenya; obtained from Vulule et al. (1994 Vulule et al. ( , 1996 and colonized since June 1995. Initially, the strain showed some pyrethroid resistance and was selected further. The overall Þtness decreased, selection had to be terminated and the strain reverted to being pyrethroid-susceptible. 6) An. gambiae KWA; insecticidesusceptible, originally from Kwale, Tanzania. 7) Cx. quinquefasciatus MUHEZA; originally from Muheza, Tanzania; strain has been shown to be resistant to the OP chlorpyrifos, the carbamate propoxur, and the pyrethroid permethrin (Khayrandish and Wood 1993) . 8) Cx. quinquefasciatus PEL SS; susceptible to pyrethroids; selected from the PELIYAGODA (Sri Lanka) strain in 1988. 9) Cx. quinquefasciatus QUINQ; susceptible to pyrethroids. 10) Cx. quinquefasciatus QUINQ F 16 and F 19 ; selected for pyrethroid resistance by exposure of adults to 0.25% permethrin-impregnated papers for nine generations (Hodjati 1998) , kept under pyrethroid selection for a further 10 generations and tested at the F 16 and F 19 .
Adult Bioassays. Tests were carried out in an insectary by using the WHO insecticide susceptibility test kit (WHO 1970) . A maximum number of 25 mosquitoes per tube were exposed to papers impregnated with either 0.25% permethrin or 5% malathion. Each test consisted of a minimum of four different exposure times, with at least 100 newly emerged mosquitoes for each. Mortality was scored 24 h after exposure. Untreated paper was used for controls; if control mortality exceeded 20%, all data were discarded and tests rerun on a new batch of mosquitoes.
The time of exposure to the insecticide, the number of mosquitoes tested at each exposure time and the number found dead 24 h after exposure were entered into a log time/probit mortality regression computer program. The output included the LT 50 , its upper and lower conÞdence limits, and the expected mortality at each time of exposure, assuming a straight-line relationship. The heterogeneity of the observed data about the straight line also was given as a heterogeneity 2 value and corresponding degrees of freedom.
Results
The highly pyrethroid-resistant An. stephensi DUB 234 showed the same level of resistance to malathion as DUB S, and no negative cross-resistance could be detected (Table 1) . When it became apparent that results differed from those previously reported for DUB-S and DUB-APR by Vatandoost (1996) , it was veriÞed whether this was due to differences in the experimental procedure. Whereas in the current study only newly emerged females were tested, Vatandoost (1996) had preferred to use 2Ð3-d-old individuals. To establish whether this inßuences the outcome, 2Ð3-d-old female BEECH and DUB 234 mosquitoes were tested with 5.0% malathion ( Table 2 ). The LT 50 value for BEECH was only one-fourth of that for newly emerged ones, whereas for DUB 234 it had dropped by Ͼ50%. Both strains were thus more susceptible to malathion with increased age, but DUB 234 remained positively cross-resistant. In further tests, malathion-resistant An. stephensi ST MAL were found to be as susceptible to pyrethroids as the insecticidesusceptible BEECH strain, indicating neither positive nor negative cross-resistance (Table 1) .
The strains of An. gambiae tested with permethrin were more tolerant to this compound compared with LT 50 values were estimated from log time/probit mortality regression. SigniÞcant (P Ͻ 0.001) heterogeneity about the regression line is indicated by the asterisks (*). The 95% CI for the LT 50 is not shown if the 2 value is signiÞcant, because it cannot be considered as reliable under these circumstances.
the pyrethroid-susceptible An. stephensi BEECH, DUB-S, and ST MAL, but they were more susceptible to malathion. The previously pyrethroid-resistant RSP strain was signiÞcantly more tolerant to malathion than the susceptible KWA, but much less so than An. stephensi BEECH.
Insecticide-susceptible Cx. quinquefasciatus PEL SS were more tolerant to permethrin and malathion than susceptible An. stephensi and An. gambiae. Some indication of negative cross-resistance to malathion was found for the permethrin-resistant MUHEZA strain, which was more susceptible to malathion than PEL SS.
Selection of the QUINQ strain with permethrin for 19 generations had led to a signiÞcant increase in pyrethroid resistance. Selection had abolished the preexisting resistance to the OP malathion, rendering the strain more susceptible than PEL SS.
Discussion
The highly pyrethroid-resistant An. stephensi DUB 234 strain was 3 times as resistant to malathion as the susceptible BEECH strain. This was not consistent with the reported negative cross-resistance of the DUB-APR strain from which DUB 234 had been selected (Vatandoost 1996) . It also was observed that the LT 50 of DUB-S for malathion, one of the strains used for comparison by Vatandoost (1996) , was almost 5 times higher than previously reported and the same as that for DUB 234.
One possible explanation for these results was a difference in experimental procedure between the two studies. Whereas Vatandoost (1996) used 2Ð3-dold sugar-fed mosquitoes, it was thought that this would increase variation between replicates and insecticides tested, and only newly emerged mosquitoes were used in the current study. It is known that resistance to malathion in An. stephensi decreases rapidly with age (Rowland and Hemingway 1987) and that pyrethroid resistance in An. stephensi and An. gambiae is age-dependent (Hodjati and Curtis 1996, 1999) . When the test for malathion resistance was repeated with 2Ð3-d-old DUB 234, resistance was Ͻ50% of that of the newly emerged mosquitoes, but 4.8 times higher than that reported by Vatandoost (1996) for the DUB-APR strain and still showing positive crossresistance.
Another possible factor that may have led to different results is that the test papers used by Vatandoost (1996) were impregnated by him, whereas the ones in the current study were supplied by WHO. It has previously been shown that self-made papers may cause signiÞcantly more mortality than the standard WHO papers (Ladonni 1988) , probably due to the difÞculty in achieving equal spreading of the insecticide solution.
It also may be that continued selection of DUB-APR in single families and under high selection pressure has involved selection for a resistance mechanism other than kdr, P450-dependent monooxygenases, and esterases, which were the mechanisms for pyrethroid resistance in DUB-APR (Sivananthan et al. 1992 , Vatandoost 1996 . This additional mechanism may have conferred positive cross-resistance and more than compensated for the negative cross-resistance of the "milder" pyrethroid resistance. However, from the malathion tests with DUB-S, which showed an almost identical LT 50 value to DUB 234, it does seem that OP resistance was already present in the strain before selection with permethrin in the DUB-APR line was initiated and did not decline under continued selection.
To clarify whether pyrethroid resistance in DUB 234 may cause concomitant negative cross-resistance to malathion (and possibly other OPs), repeated backcrossing with an insecticide susceptible strain would be required. Once the pyrethroid-resistant heterozygote F 1 generation has been obtained, it would need to be reselected at the highest dose lethal to pyrethroid-susceptible homozygotes (Georghiou 1969 ). This should result in a strain that carries only the pyrethroid resistance mechanism(s) and enable retesting for negative cross-resistance. Our repeated attempts of backcrossing DUB 234 with BEECH were not successful.
Tests of the two strains of An. gambiae showed that RSP had reverted back to susceptibility after release from permethrin selection pressure and that it was signiÞcantly more tolerant to malathion compared with the insecticide-susceptible KWA strain. But the LT 50 for RSP was only half that for An. stephensi BEECH, and both strains of An. gambiae were well within the range indicative for malathion susceptibility. Because both strains were pyrethroid-susceptible, no information about the cross-resistance pattern between the two groups of insecticides was obtained for this species.
Results for the pyrethroid resistant MUHEZA were consistent with the study of Khayrandish and Wood (1993) , showing resistance to carbamates, permethrin, and OPs. At the time of the study by Khayrandish and Wood (1993) , resistance to chlorpyrifos was declining with a high degree of heterogeneity, whereas propoxur resistance remained stable. MU-HEZA seemed to have lost its OP resistance before the current study. It is likely that the higher malathion susceptibility of the stain compared with the susceptible PEL SS was due to the increased activation of malathion to maloxon by an enyzmatic resistance mechanism to pyrethroids that relies on elevated levels of MFOs. LT 50 values were estimated from log time/probit mortality regression. SigniÞcant (P Ͻ 0.001) heterogeneity about the regression line is indicated by the asterisks (*). The 95% CI for the LT 50 is not shown if the 2 value is signiÞcant, because it cannot be considered as reliable under these circumstances.
Increased susceptibility to malathion also was observed for the QUINQ strain of Cx. quinquefasciatus after selection for pyrethroid resistance. Whereas the parent strain had been highly resistant to malathion, its resistance dropped to a level similar to that of the susceptible PEL SS after 16 generations and below that after a further three generations of pyrethroid selection. This indicates negative cross-resistance between malathion and permethrin in the QUINQ strain of Cx. quinquefasciatus, but this needs to be conÞrmed with two lines that are selected 1) with permethrin or 2) malathion and retested with each insecticide every few generations.
Whether this observed negative cross-resistance can be expected to arise from Þeld selection by pyrethroid insecticides also must be questioned and requires further investigations. As discussed in a comprehensive review, selection for insecticide resistance in the laboratory is usually at a maximum of 80 Ð90% mortality and within existing phenotypic variation of the strain (Roush and McKenzie 1987) . This type of selective channeling of variation generally results in polygenic resistance. Alleles that produce high levels of insecticide resistance are very rare and are unlikely to occur in laboratory populations unless prior Þeld selection has taken place. Strong selection with pyrethroids, as exerted by Þeld application, may therefore result in the selection of a different resistance mechanism than the one selected under laboratory conditions in the QUINQ strain.
In conclusion, we observed negative cross-resistance only in strains of Cx. quinquefasciatus. Its occurrence seems to be dependent on the history of insecticide selection and is not generally applicable to mosquitoes. Resistance management for ITNs will therefore need to use mechanisms other than negative cross-resistance to be effective.
